Introduction
Development of automobile industry requires the application of advanced high-strength steel (AHSS), among which twinning-induced plasticity (TWIP) steel is of great importance due to its great mechanical properties. [1] [2] [3] Aside from the addition of manganese, TWIP steel contains a high amount of aluminium to reduce the weight of automobile and stabilize the deformation twinning in austenite. 4) However, a high amount of aluminium in liquid steel affects the in-mold performances of mold fluxes due to the chemical reaction between [Al] and SiO 2 in the CaO-SiO 2 -based mold fluxes: [5] [6] [7] [8] The intense reaction between high-Al steel and mold fluxes alters the flux composition and, concomitantly, the in-mold performances of mold fluxes, e.g. melting temperature, viscosity and heat transfer rate. [8] [9] [10] [11] As a result, it increases the risk of sticker breakout and subsurface imperfections. 8) An imperative demand for AHSS steel catalyzes massive research interests in the development of a new type of mold fluxes which are more chemically stable in the casting of high-Al steel. CaO-Al 2 O 3 -based mold fluxes with a minimized amount of SiO 2 were proposed to mitigate the rigorous reaction between [Al] and SiO 2. 8,9) Theoretically, a high amount of Al 2 O 3 in mold fluxes lowers the driving force to Reaction (1); while a low amount of SiO 2 reduces its activity
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(Received on April 22, 2019 ; accepted on June 24, 2019) The use of traditional CaO-SiO 2 -based mold fluxes for the continuous casting of high-Al steel is problematic due to the reaction between [Al] from liquid steel and SiO 2 from the CaO-SiO 2 -based fluxes. CaO-Al 2 O 3 -based mold fluxes were proposed to mitigate the interfacial reaction. However, these fluxes contain fluxing agents, such as Na 2 O, B 2 O 3 , etc., which react with [Al] in liquid steel. This article investigates the effect of Na 2 O content in CaO-Al 2 O 3 -based mold fluxes on the reaction between high-Al steel and mold fluxes at 1 500°C. The flux-steel reaction led to the accumulation of Al 2 O 3 and reduction of SiO 2 , Na 2 O and B 2 O 3 in the fluxes. The increase of the initial Na 2 O concentration enhanced the rates of Al 2 O 3 accumulation and Na 2 O reduction; the [Al] concentration in liquid steel also decreased with the increase of initial Na 2 O content. In the early stage of the reaction, emulsification was observed at the flux-steel interface, which was affected by the precipitation of solid phases along the reaction interface. in the reaction with [Al]. 12) Owing to the inherently poor melting property of CaO-Al 2 O 3 -based mold fluxes with the limited addition of SiO 2 , fluxing agents are required. The effects of different fluxing agents on the properties of CaO-Al 2 O 3 -based mold fluxes, such as viscosity, crystallization behavior and heat transfer, were investigated in a non-dynamic condition. [13] [14] [15] [16] [17] [18] [19] Na 2 O is considered as an important fluxing agent as it improves lubrication by suppressing flux crystallization. [17] [18] [19] However, Na 2 O also reacts with [Al] in liquid steel at high temperature, which affects the stability of flux composition and, therefore, the in-mold performances of mold fluxes in the casting of high-Al steel. It is essential to study the reactivity of Na 2 O with high-Al steel at high temperature. In this study, the reaction between high-Al steel and CaO-Al 2 O 3 -based mold fluxes with different Na 2 O concentrations at 1 500°C was investigated. The flux-steel interfaces were examined to reveal interfacial phenomena in the reaction.
Experimental Methods

Sample Preparation
Pre-mixed reagent CaCO 3 , SiO 2 , Na 2 CO 3 , Al 2 O 3 , B 2 O 3 , MgO, and Li 2 CO 3 were premelted at 1 400°C in a graphite crucible for 1 200 seconds, during which carbonates decomposed to corresponding oxides. After the molten flux was homogenized, it was quenched in distilled water. The well-dried flux was then ground into powders using a ring mill. The chemical composition was measured using X-ray fluoroscopy (XRF, PANalytical AXIOS-Advanced WDXRF spectrometer, Netherland), except B 2 O 3 and Li 2 O whose contents were analyzed using inductively coupled plasma -optical emission spectroscopy (ICP-OES, Thermo Scientific IRIS Intrepid II, MA) and atomic absorption spectroscopy (AAS, Thermo Scientific Solaar S4 AA spectrometer, MA), respectively. The measured compositions of mold fluxes are listed in Table 1 . The melting properties of mold fluxes were characterized using hemispherical temperatures (T hem ), as listed in Table 1 . The details of the measurement were described elsewhere. 20) To prepare the flux pellets, 2 ± 0.01 g as-quenched powders were pressed in a cylinder mold (Φ 6 mm) under a pressure of 10 kN for 60 seconds. Then, the pellet was sintered at 900°C for 1 800 seconds to obtain sufficient mechanical strength. The steel samples, whose surface oxide scales were carefully removed, were shaped into suitable sizes before experiment, which weighed 20 ± 0.05 g. The typical composition of steel used in the present study is given in Table 2 . The liquidus temperature of the studied steel is 1 421°C (provided by the manufacturer).
Experimental Apparatus
The schematics of the experimental apparatus is illustrated in Fig. 1 . A stopper in a brass tube was used to fix the position of the flux pellet before the reaction. A graphite tube was connected to the brass tube by a brass cap. A SiC protection tube was installed outside the graphite tube. A MgO crucible (18 × 15 × 50 mm) sat on the bottom of the SiC tube to accommodate the steel sample. The bottom of the graphite tube slightly lowered into the MgO crucible. A reaction tube system can be inserted into the furnace and removed from the furnace at different times as an integrated part. The temperature of hot zone was measured using a B-type thermocouple before experiments. Ar-5 vol pct H 2 gas (5N grade) was used as the protection atmosphere throughout the experiment. It passed through ultrafine steel wools (0000 grade) at 600°C to remove oxygen and moisture.
Experimental Procedure
An as-sintered flux pellet was placed on the stopper, and 20 g steel sample was contained in a MgO crucible. Thereafter, the system was sealed, and Ar-5 vol pct H 2 was flown at a rate of 500 mL/min for 600 seconds to repel air in the reaction tube system. Then, under the protection of Ar-5 vol pct H 2 atmosphere whose flow rate was changed to 250 mL/ min, the reaction tube was slowly lowered to the bottom of the vertical furnace which was pre-heated to 1 500°C. This temperature was determined using a B-type thermocouple in the preliminary test and measured periodically. After melting and homogenizing the steel sample at 1 500°C for 600 seconds, the stopper was retracted to release the flux pellet. The flux pellet was assumed to take 15 seconds to melt and homogenize before setting zero time for the flux-steel reaction. When the target flux-steel reaction time was up, the reaction tube system was rapidly removed from the vertical furnace and exposed to fan cooling. At the same time, Ar-5 vol pct H 2 surged into the crucible with a flow rate of over 1 000 mL/min to cool down the sample. The initial cooling rate could exceed 500°C/min as measured by a B-type thermocouple in the preliminary test, which is necessary to avoid the further flux-steel reaction. In the present study, the reaction times were scheduled to be 60, 180, 300, 600, 1 200 and 3 600 seconds.
The chemical compositions of mold flux and steel samples after the flux-steel reaction were analyzed using XRF and ICP. To determine the exact initial composition of steel, a steel sample was melted at 1 500°C for 600 seconds following the routine procedure, except that the flux pellet was not dropped. The [Mn], [Al] and [Si] concentrations of this steel sample examined using ICP are listed in Table 2 . The repeatability of the experimental results was reasonable with an experimental error of less than ± 5 pct. To examine the morphologies of mold flux and steel near the flux-steel interface, an additional run for the reaction time of 180 seconds was conducted. Significant composition changes occurred during the first 180 seconds. It led to the noticeable differences in the interface morphology of different fluxes at this time, which will be described in the Results section. The cross-section of the flux-steel interface was examined using scanning electron microscope (SEM) (Hitachi S3400, Japan) equipped with energy-dispersive X-ray spectroscopy (EDS).
Results
Composition Change of Mold Fluxes
The major composition changes of Flux 1 (1.9 mass pct Na 2 O) during the reaction with high-Al steel at 1 500°C are shown in Fig. 2 decreased from 1.9, 7.0, and 9.6 mass pct to 0.11, 0.11, and 0.19 mass pct in 3 600 seconds, respectively, due to the reaction between [Al] in the liquid steel and the oxides in the liquid flux. SiO 2 was reduced by [Al] through Reaction 1; reduction of Na 2 O and B 2 O 3 occurred through reactions (2) and (3), respectively:
MnO was formed in the initial stage of experiment; its maximum concentration reached 0.40 mass pct at 60 seconds through the reaction between [Mn] and oxides. Afterward, it was gradually reduced to approximately 0.10 mass pct via Reaction (4) contents were reduced from 6.9 to 0.17 mass pct, and from 9.3 to 0.29 mass pct, respectively. The maximum value of MnO content, appeared at 60 seconds, was higher than that in the reaction with Flux 1. Afterward, it was gradually dropped to 0.18 mass pct. MgO concentration increased quickly in the first 600 seconds to 9.0 mass pct and reached a stable level afterward. The equilibrated MgO concentration of Flux 2 was slightly higher than that in the reaction with Flux 1.
The composition changes of Flux 3 (7.3 mass pct) are shown in Fig. 4 . Al 2 O 3 content increased from 24.0 to 48.7 mass pct in 3 600 seconds; while Na 2 O content decreased from 7.3 to 0.17 mass pct. SiO 2 concentration decreased from 6.9 to 0.15 mass pct during the experiment; B 2 O 3 content also dropped from 9.6 to 0.29 mass pct. The maximum value of MnO content reached 1.10 mass pct at 120 seconds, which was higher than that in the reactions with Fluxes 1 and 2. But the MnO peak appeared slightly later than in the reactions with Fluxes 1 and 2. The MgO concentration stabilized at around 9.7 mass pct in 300 seconds, which was the highest value among all the fluxes.
The change in the equivalent molar amount of Al 2 O 3 calculated from the reduction of SiO 2 , B 2 O 3 , and Na 2 O is plotted against the change in the measured molar amount 
Composition Change of Steel
Changes of [Al] and [Si] concentrations in the high-Al steel reacted with Fluxes 1 through 3 for different reaction times are shown in Fig. 6 . The increase of initial Na 2 O content in the fluxes reduced the [Al] concentration at given times, which is consistent with the composition change of mold fluxes. The initial [Al] concentration in the liquid steel was 1.75 mass pct; it decreased to 0.40, 0.28 and 0.21 mass pct after a reaction time of 3 600 seconds when the initial Na 2 O concentrations in the flux were 1.9, 3.7 and 7.2 mass pct, respectively. In the reduction of SiO 2 in fluxes, [Si] was produced and transported to liquid steel. The effect of The mass balance between the mass of Al in the formed Al 2 O 3 in the flux (per 2 g) and the mass of consumed Al in the liquid steel (per 20 g) is shown in Fig. 7(a) . The calculated mass of Al in the formed Al 2 O 3 was slightly lower than the consumed Al mass in the steel in the later stage of the experiments. It was caused by the dissolution of MgO from the crucible, which made the total mass of mold flux slightly higher than 2 g, especially after 600 seconds. This deviation was more notable in the later reaction stage where the dissolution of MgO reached a maximum level. Considering the increased total flux mass attributed to the MgO dissolution, the consumed Al mass in liquid steel was in a good agreement with the Al mass in the formed Al 2 O 3 as demonstrated in Fig. 7(b) .
Interface between Mold Flux and Steel
The morphology of Flux 1 (1.9 mass pct Na 2 O) after reacting with high-Al steel for 180 seconds at 1 500°C is shown in Fig. 8(a) . The flux was in amorphous state, except a thin crystalline layer (ca. 100 μm) near the flux-steel interface. It indicates that Flux 1 was mostly in liquid state at high temperature for the reaction time of 180 seconds. The line scan on major elemental concentrations of Flux 1 using EDS is shown in Fig. 8(b) . The composition of Flux 1 was basically homogeneous, except the crystalline layer located in the close proximity to the flux-steel interface. The Ca:Al mass ratio in the amorphous region was close to 2:1; while the concentration of Ca was reduced sharply in the crystalline region. The overall composition of Flux 1 examined using EDS for the reaction time of 180 seconds was consistent with that examined using XRF (Fig. 2) .
The steel morphology after reacting with Flux 1 for 180 seconds is shown in Fig. 9(a) . Large flux inclusions can be observed in the steel matrix up to the depth of 7 mm. The interface was also irregular, indicating an intense interfacial reaction which caused flux emulsification. The composition mapping of the steel-emulsion co-existing area in the steel matrix is shown in Fig. 9(b) . Aside from the large emulsions, flux was also interlocked by the dendrites of steel during solidification.
The microstructure of Flux 2 (3.8 mass pct Na 2 O) reacted with high-Al steel for 180 seconds is shown in Fig. 10(a) . A crystalline layer with a thickness of ca. 300 μm was observed at the flux-steel interface; while the center of the flux was amorphous. A thicker crystalline layer in comparison with Flux 1 indicates that Flux 2 had a higher crystallization tendency, viz. a poor liquid-retaining ability, after reacting with high-Al steel for 180 seconds. A line scan from the flux-steel interface to the bulk of flux is shown in Fig. 10(b) . The Ca/Al mass ratio was close to 18:11 in the bulk of the flux; this ratio became smaller in the crystalline layer. The morphology of steel reacted with Flux 2 for 180 seconds is illustrated in Fig. 11(a) ; a composition mapping of steel-emulsion co-existing zone near the interface is given in Fig. 11(b) . The flux-steel interface was more stable than in the reaction with Flux 1. Only a small amount of flux was interlocked by the solidifying steel. The microstructure of Flux 3 (7.3 mass pct Na 2 O) reacted with steel for 180 seconds is shown in Fig. 12(a) . Flux 3 was mostly crystallized except the area close to the MgO crucible ( Fig. 12(a) ). Pores were observed due to the crystal-lization. The crystallinity of Flux 3 was higher than that of Flux 2. Flux composition along the line scan from flux-steel interface to the center of Flux 3 is shown in Fig. 12(b) . The crystallized area showed a much lower Ca/Al ratio than the amorphous area. The morphology of steel in contact with Flux 3 for 180 seconds is shown in Fig. 13 . The flux-steel interface was similar to that observed in the reaction with Flux 2. The interface was relatively smooth with a small amount of flux interlocked by dendrites of the solidified steel.
Discussion
Effect of Initial Na 2 O Content on the Reaction
Rate An increase of initial Na 2 O content in the flux enhanced the reaction rate based on the accumulation of the reaction product, Al 2 O 3 , as shown in Fig. 14. It also accelerated the reduction of Na 2 O in the flux. The effect of initial Na 2 O content on the reduction of SiO 2 was marginal when Na 2 O content increased from 1.9 to 7.3 mass pct; it did not notably affect the reduction of B 2 O 3 in the flux.
The effect of Na 2 O content on the flux-steel reaction is rather complex. The increase of the initial Na 2 O content is expected to promote the rate of Reaction (2) and, therefore, increase Al 2 O 3 concentration in the flux. As experiments proceeded, the flux with a higher initial Na 2 O content showed a slightly higher Al 2 O 3 concentration at given times, as shown in Figs. 2 to 4. Accumulation of Al 2 O 3 can restrain the reduction of SiO 2 and B 2 O 3 . However, the increase of initial Na 2 O concentration did not show significant effects on the reduction of SiO 2 and B 2 O 3 . The results may be attributed to the inconsiderable backward reaction of Reactions (1) and (3), which made the Al 2 O 3 content in the flux less significant in influencing the reduction of SiO 2 and B 2 O 3 . 5) The effect of the initial Na 2 O content in the fluxes also did not notably affect [Si] content in the steel at given times, which is consistent with the change of SiO 2 content in the flux.
The changes of MnO contents in different fluxes are compared in Fig. 15 . Aluminium has a much higher affinity to oxygen than manganese and reacts preferentially with oxides in fluxes. However, the oxidation of (7)) were estimated to be + 94.0 kJ and + 102.7 kJ, respectively, which indicates that the extent of Reactions (6) and (7) is expected to be very low: However, Reaction (6) was observed in the reaction between high-Al-high-Mn steel and CaO-SiO 2 based mold fluxes, 5, 21, 22) in which the concentration and activity of SiO 2 were higher than those in the CaO-Al 2 O 3 -based fluxes. It is also expected that [Mn] may react with SiO 2 when the local [Al] content is low. 22) But in terms of the Gibbs energy change, the formation of MnO is more likely to be attributed to the reaction between Na 2 O and [Mn] in the present study. Compared with the reaction kinetics between the CaO-SiO 2 -based mold fluxes and high-Al steel reported in literature, 5, 21) the reduction of Na 2 O and B 2 O 3 in the CaO-Al 2 O 3 -based mold fluxes was relatively rapid. The intense reduction of SiO 2 in the CaO-SiO 2 -based mold fluxes prevents these fluxing agents from fast consumption. In terms of the accumulation rate of Al 2 O 3 , CaO-Al 2 O 3 -based mold fluxes showed a better stability in the reaction with high-Al steel. Under given experimental conditions, the reaction rate in the present study is expected to be higher than that in the practical casting process, in which the flux/steel ratio is lower than in the present study, and fluxes are continuously replenished to the mold. 8, 9, 23) However, the trend of the effect of initial Na 2 O content on flux-steel reaction revealed in the present study should still be applicable for the large-scale casting practice.
Flux-Steel Interfacial Phenomenon
The microstructures of mold fluxes and steels near the flux-steel interfaces after a reaction time of 180 seconds are demonstrated in Figs. 8 to 13. It can be seen in the SEM images of steels near the flux-steel interface that Flux 1 exhibited emulsification across the interface; however, this phenomenon was less significant in the steel reacted with Fluxes 2 and 3. After 180 seconds, the flux-steel interfaces gradually became smoother in all the samples as experiments further proceeded.
Emulsification occurs when the flux-steel interfacial tension is lowered towards zero due to the intense reaction, which results in a strong interface instability. 7, [24] [25] [26] [27] Oxidation of [Al] caused a high oxygen flux across the flux-steel interface. 26, 27) Oxygen is a surface-active element, which lowers the interfacial tension. 28) Marangoni flow caused by the gradient of surface tension enhances emulsification process by accelerating the necking and detachment of the droplet into liquid steel. 7) The intensity of emulsification is expected to be higher with the increase of the flux-steel interfacial reactivity. However, Flux 1, which exhibited significant emulsification in contact with high-Al steel, showed the lowest reaction rate in terms of the accumulation of Al 2 O 3 in flux as shown in Fig. 14; while emulsification was much soothed in the reactions of steel with Fluxes 2 and 3, whose reactivities were higher in terms of the accumulation rate of Al 2 O 3 . Similar phenomena were observed in the reaction between CaO-SiO 2 -based slags and Fe-Mn-Al alloys. 6, 22) Kim et al. 22) found that the emulsification took place more intensely when the flux-steel reaction rate was, however, relatively lower. Kang et al. 6) suggested that the slag/steel interface was most irregular in the early stage of the reaction where only small discrete solid phases were formed in the slag; while the irregularity was gradually reduced as reaction proceeded with the formation of solid phases growing along the interface.
The precipitation of crystals in the flux near the fluxsteel interface has a significant restraining effect on the flux emulsification. where η is the apparent viscosity when solid phase exists, η 0 represents the viscosity of liquid where no solid phase exists, a and n are constants, f is the volume fraction of solid phase in the liquid. The microstructures of mold fluxes revealed that Flux 1 could generally retain liquid state in contact with high-Al steel for 180 seconds, which means the viscosity of Flux 1 was relatively low even though chemical composition was changed. However, a crystalline layer was formed along the interface between steel and Flux 2 with a thickness of ca. 300 μm; in Flux 3, most of the flux was crystallized after 180 seconds. In this way, the local viscosities of Fluxes 2 and 3 at 180 seconds were expected to increase sharply.
It is known that a high viscosity of melts prevents the flux-steel interface from perturbation by minimizing the fluid flow, e.g. Marangoni flow, along the flux-steel interface and surface-tension change. 7, 30) The necking and detachment of flux droplet into liquid steel were expected to be suppressed. In this way, emulsification was reduced with the increase of local viscosity near the interface, which accounted for the relatively sedated flux-steel interfaces of Fluxes 2 and 3. Emulsification was depressed once the flux viscosity or the crystallinity increased to a critical level. Therefore, emulsification is related to not only flux-steel reaction, but also the local viscosity near the flux-steel interface.
The intense chemical reaction at high temperature makes the high-Al steel vulnerable to slag entrainment due to the emulsification. The formation of crystals in the molten fluxes or the flux emulsions in the liquid steel deteriorates the surface quality of steel products, which should be avoided in the continuous casting of high-Al steel. Emulsification in the industrial steel casting is often driven by the exogenous turbulence flow. 31) In this way, the flux-steel interface is more complicated than what was observed in the present study. A mold flux with relatively high viscosity may minimize the fluid flow and, accordingly, the entrainment of flux. 7)
Conclusions
The effect of initial Na 2 O concentration on the reaction between CaO-Al 2 O 3 -based mold fluxes and high-Al steel at 1 500°C was investigated. The flux-steel interfaces after a reaction time of 180 seconds were examined. The major conclusions are summarized as follows:
(1) The increase of initial Na 2 O concentration from 1.9 to 7.3 mass pct in CaO-Al 2 O 3 -based mold fluxes enhanced the interfacial reaction. The accumulation rate of Al 2 O 3 and the reduction rate of Na 2 O in the mold fluxes were promoted with the increase of the initial Na 2 O content in fluxes. However, the initial Na 2 O content had a marginal effect on the initial stage of the reduction of SiO 2 and did not affect the reduction of B 2 O 3 .
(2) The [Al] concentration in steel at given times decreased with the increase of the initial Na 2 O content. The effect of the initial Na 2 O content in the fluxes on the accumulation of [Si] in the steel was marginal.
(3) The flux-steel interface after the reaction between Flux 1 and steel was perturbed with notable flux emulsions in the liquids steel; while Fluxes 2 and 3 shared relatively smoother interfaces with high-Al steel after a reaction time of 180 seconds. The high crystallization tendency of Fluxes 2 and 3 led to an increased flux viscosity and sedated the fluid flow near the flux-steel interface, which prevented flux droplet from necking and detachment. Flux 1 was generally liquid after reacting with high-Al steel for 180 seconds, resulting in a more turbulent flux-steel interface.
